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ABSTRACT
Following parturition, all cows display a wave of ovarian follicular growth, but a large
proportion fail to generate a preovulatory rise in estradiol, and hence fail to ovulate. Follicle
stimulating hormone (FSH) exists as multiple isoforms in the circulation depending on the type
and extent of glycosylation, and this has pronounced effects on its biological properties. This5
study examined differences in plasma FSH, estradiol, and inhibin A concentrations, and the
distribution of FSH isoforms in cows with ovulatory or atretic dominant follicles during the first
postpartum follicle wave. Plasma FSH isoform distribution was examined in both groups during
the period of final development of the dominant follicle by liquid phase isoelectric focusing.
Cows with an ovulatory follicle had higher circulating estradiol and inhibin A concentrations,10
and lower plasma FSH concentrations. The distribution of FSH isoforms displayed a marked
shift toward the less acidic isoforms in cows with ovulatory follicles. A higher proportion of the
FSH isoforms had a pI >5.0 in cows with ovulatory follicles compared to those with atretic
follicles. In addition, cows with ovulatory follicles had greater dry matter intake, superior
energy balance, elevated circulating concentrations of insulin and insulin-like growth factor-I,15
and lower plasma nonesterified fatty acids. The shift in FSH isoforms toward a greater
abundance of the less acidic isoforms appears to be a key component in determining the
capability for producing a preovulatory rise in estradiol, and this shift in FSH isoforms was
associated with more favorable bioenergetic and metabolic status.
4INTRODUCTION20
The expulsion of the foetal-placental unit at parturition in dairy cows is associated with
clearance of gestational hormones from the circulation, facilitating an increase in pituitary
follicle-stimulating hormone (FSH) release, which in turn orchestrates the synchronous
resumption of ovarian follicular development during the first week postpartum (1). The first
postpartum dominant follicle ovulates, becomes atretic, or develops into a cyst, with approximate25
frequencies of 40, 40 and 20%, respectively (2). This has a major impact on the duration of
postpartum anestrus, as atretic and cystic follicles are likely to be replaced by follicles with
similar fates (2,3). A prompt resumption of ovulatory activity following parturition is desirable;
cows that have an early commencement of luteal activity have an improved likelihood of
conception after breeding (4).30
Timing of the first postpartum ovulation is correlated with timing of the onset of recovery
from the negative energy balance (NEB) nadir (5,6). Infusion of exogenous pulses of LH during
the first postpartum follicle wave in dairy (7) and beef (8) cows increased the likelihood of
ovulation. However, some cows completely failed to exhibit an increase in circulating estradiol
in response to frequent exogenous LH pulses (8), indicating that other factors in addition to35
frequent LH pulses are necessary. Multiple isoforms of FSH are present in the circulation due to
variation in the extent and type of glycosylation on  and -subunits; in cattle, terminally
sialylated oligosaccharide structures are most prevalent (9). The isoelectric point (pI) of FSH
has a wide range depending on the abundance of sialic acid residues; heavily sialylated isoforms
have an acid pH, and isoforms with little or no sialic acid have a less acidic or basic pH. In40
cattle, most (~70%) FSH isoforms have a pI less than 5.0 (10). The heterogeneity in
glycosylation has significant effects on the biological properties of FSH. Less acidic isoforms
have greater in vitro bioactivity than more acidic isoforms, but less acidic isoforms are more
rapidly cleared from circulation and thus have lower in vivo bioactivity than more acidic
isoforms (11,12). In human beings, a shift toward greater pituitary release of less acidic serum45
FSH isoforms in response to GnRH is observed during the preovulatory period (13). It is
5currently thought that frequent transient stimulation with more bioactive, faster clearing isoforms
represents a key mode of FSH action during the preovulatory period (14).
This study was carried out to examine differences in circulating estradiol, inhibin A and
FSH concentrations, and to compare the distribution of FSH isoforms during the final stages of50
follicle development in dairy cows with ovulatory and non-ovulatory follicles during the first
postpartum follicle wave.
MATERIALS AND METHODS
All experimental procedures were approved by the Cornell University Institutional55
Animal Care and Use Committee. As part of a large study examining the effects of treatment
with propylene glycol (a glucogenic precursor) during the interval from late pregnancy through
early lactation, multiparous Holstein cows (n = 56) were monitored from day –21 to day 30
relative to parturition (15). Nine cows with ovulatory and nine with non-ovulatory (atretic) first
postpartum follicle waves were randomly selected for further analysis. The only provisions60
placed on cows selected were that none of the animals selected suffered any clinical illness or
metabolic disorder during the experimental period, and that the cows with non-ovulatory follicles
did not exhibit a preovulatory-style rise in circulating estradiol concentrations. The restriction on
using only cows that did not exhibit a preovulatory-style rise in circulating estradiol was imposed
because most cows with atretic follicles during the first postpartum follicle wave have low65
circulating estradiol concentrations throughout the period of dominant follicle development (15).
All Cows were housed in individual tie stalls starting on day 21 prior to expected parturition,
moved to individual box stalls for a 2-4 day period around the time of parturition, and then
returned to individual tie stalls until day 30 postpartum. The management of the animals, energy
balance (EB) determination, blood sampling routine, and the methods used to measure70
circulating concentrations of estradiol, insulin, insulin-like growth factor-I (IGF-I), glucose and
nonesterified fatty acids (NEFA) were previously reported (15).
6Ovarian follicular activity of all cows was examined by linear array ultrasonography with
a 7.5-MHz transrectal transducer (Aloka 210; Corometrics Medical Systems Inc., Wallingford,
CT) three times per week (Monday, Wednesday and Friday) beginning on days 8-10 postpartum75
and continuing until ovulation, or until day 30 for cows failing to ovulate. The diameter of
dominant follicles between ultrasound examinations was calculated by linear interpolation.
Additionally, if the final measurement of follicle diameter in cows with ovulatory follicles was
recorded prior to or on the day of the preovulatory rise in estradiol, a follicle diameter was
calculated by linear interpolation such that the largest follicle diameter was recorded for the day80
following the preovulatory rise in estradiol (ovulation occurs approximately 28 h after the onset
of the LH surge). Ovulation was verified by ultrasonography. Follicles were considered to be
dominant when a diameter of >10 mm was reached in the absence of other large growing
follicles (16).
Plasma FSH and inhibin A concentrations were determined from day of parturition until85
day of ovulation in ovulatory cows, and from day of parturition until day of maximum follicle
diameter in non-ovulatory cows. Plasma FSH was determined using an RIA (1) and plasma
inhibin A concentrations were determined by ELISA using highly purified 32 kDa bovine
inhibin-A as standard (17). The detection limit of the assays were 0.17 ng/ml and 40 pg/ml, and
the inter- and intra-assay coefficients of variation were 13% and 8%, and 12% and 9% for FSH90
and inhibin A, respectively.
Plasma FSH isolation and isoelectric focusing
An affinity column to isolate FSH from plasma was generated by covalently coupling
guinea pig anti-bFSH antiserum (AFP859691, US National Hormone and Peptide Program) to95
immobilized Protein A using the ImmunoPure rProtein A IgG Plus Orientation Kit (Pierce,
Rockford, IL) according to the manufacturer’s instructions. Plasma was pooled from the day
preceding and the day of maximum estradiol concentrations for cows with ovulatory follicles,
and the day preceding and the day of maximum follicle diameter for cows with non-ovulatory
7follicles to generate a sample volume of 5.5 ml. The plasma sample was combined with an equal100
volume of PBS (0.1 M phosphate, 0.15 M NaCl, pH 7.2), and slowly passed over the FSH
affinity column (~ 4 ml/h). The column was washed with 10 ml of PBS, and FSH was eluted
with 10 ml of elution buffer (0.1 M glycineHCl, pH 2.8). The 10 ml eluate was neutralized with
500 l of 1 M TrisHCl, pH 9.5, and dialyzed overnight against 4 L dd H2O. Following dialysis,
550 l of Bio-Lyte 3/10 ampholytes 40% w/v (Bio-Rad Laboratories, Hercules, CA) were added,105
and the sample was diluted to a volume of 55 ml with dd H2O. Isoelectric focusing of the diluted
sample by liquid phase electrophoresis was carried out with the Rotofer preparative isoelectric
focusing (PIEF) cell, which was assembled and used according to the manufacturers instructions
(Bio-Rad Laboratories, Hercules, CA). Focusing was carried out at 15 W constant power for 3 h
45 min, and 20 fractions were simultaneously collected. The pH of each fraction was measured110
and the fractions were dried using a vacuum dryer. The fractions were reconstituted in 200 l dd
H2O, the pH adjusted to neutral (7.2–7.4), and the volume of each tube brought to 300 l with dd
H2O. 200 l of PBS was added to each tube, and then assayed for FSH by RIA [1]. The assay
detection limit for the Rotofer fractions was 0.05 ng FSH. The percentage of total FSH
recovered from the sample was calculated for each fraction. The first and last fractions collected115
from the Rotofer apparatus were extremely acidic or basic, respectively, and were not included in
the analysis. A blank sample containing only water and ampholytes was also run through the
Rotofer PIEF cell and included in the FSH assay. Average binding from the most acidic fraction
through the basic fraction of pH 8 was 99.4%, indicating absence of interference of ampholytes
with FSH assay values. Fractions with an original pH above 8 were excluded because a decrease120
in the percent binding of tracer was observed indicating interference in the assay. A solution of
5.5 ml PBS containing 10 ng of purified pituitary FSH was prepared, passed over the FSH
affinity column, and eluted FSH was subjected to isoelectric focusing as described above. The
focused fractions were then neutralized and assayed for FSH by RIA. The total amount of FSH
recovered was 7.4 ng.125
8Statistical Analysis
Data were analyzed using SAS (SAS Institute, Cary, NC). Hormone, metabolite, and
production data were analyzed as repeated measures using the MIXED procedure. Fixed effects
included follicle type, time and their interaction. Cow within follicle type was used as a random130
effect, with day as the repeated statement, and a first-order autoregressive plus random effect
covariance structure was used (18). When the interaction between follicle type and time was
significant (P<0.05), pair-wise comparisons of individual means were carried out using the
Tukey-Kramer test.
The estradiol, FSH, inhibin and follicle diameter data were all normalized to day of135
maximum follicle diameter (day 0). To minimize the effect of substantial differences among
cows in baseline concentrations of estradiol, inhibin A and FSH, the plasma concentration of
each hormone measured on day -7 (earliest measurement available for all cows) was used as a
covariate in the statistical analysis. The proportion of FSH isoforms with a pI >5 was calculated
for each cow, and differences between ovulatory and non-ovulatory cows were analyzed using a140
one-way ANOVA test.
RESULTS
Circulating concentrations of estradiol are illustrated in Figure 1. Cows with an
ovulatory follicle had a distinct preovulatory rise in circulating estradiol during the final stages of145
follicular growth, whereas cows with non-ovulatory follicles had low concentrations of estradiol
throughout follicle development, and all non-ovulatory follicles subsequently underwent atresia.
Circulating estradiol began to deviate on day -4, and were significantly higher in cows with
ovulatory follicles compared with cows with non-ovulatory follicles by day -3. Peak
concentrations of circulating estradiol were observed on the day prior to maximum follicle150
diameter in the cows with a follicle that would ovulate [it is presumed that ovulation occurred on
average 28 h after the peak of the preovulatory rise in estradiol]. Circulating inhibin A was
elevated (P<0.001) in cows with ovulatory follicles compared to those with non-ovulatory
9follicles as illustrated in Figure 1. The deviation between groups was evident as early as day -5,
but mean concentrations were not significantly higher in ovulatory cows until day -3.155
Circulating inhibin A concentrations returned to baseline concentrations on day +1.
Plasma concentrations of FSH were lower (P<0.01) in cows with ovulatory follicles
compared with cows not ovulating the dominant follicle (Figure 1). The cows with a non-
ovulatory follicle displayed relatively constant circulating FSH, whereas pre- and peri-ovulatory
increases in plasma FSH were evident (d -1 to +1) in cows with an ovulatory follicle. Follicle160
diameter was larger (P=0.05) in cows with an ovulatory follicle (Figure 2).
The distribution of FSH isoforms during the final stages of follicle development in three
representative cows with an ovulatory follicle and three representative cows with a non-
ovulatory follicle are depicted in Figures 3 and 4. A shift in FSH isoform profile toward a
greater abundance of less acidic isoforms is apparent in the cows with an ovulatory follicle165
compared to cows with a non-ovulatory follicle. The proportion of FSH isoforms in fractions
with a pH > 5.0 was calculated for each cow. Cows with an ovulatory follicle had a significantly
higher percentage of FSH isoforms with a pI >5 (32.5 ± 0.6% vs. 43.2 ± 1.2%; P<0.001).
Dry matter intake (DMI), EB, milk production, and circulating levels of metabolic
hormones and metabolites are summarized in Table 1. Prepartum DMI, EB and plasma insulin170
were higher, and circulating NEFA was lower, in cows with future ovulatory follicles.
Postpartum DMI, EB, and plasma insulin and IGF-I concentrations were higher, while
circulating NEFA concentrations were lower in cows with ovulatory follicles.
DISCUSSION175
This study has highlighted marked differences in endocrine status between cows with
ovulatory and non-ovulatory follicles during the first postpartum follicle wave. As expected, all
cows with an ovulatory follicle displayed a preovulatory rise in estradiol. In addition, cows with
ovulatory follicles had greater circulating inhibin A concentrations, and reduced plasma FSH,
reflecting the combined negative feedback effects of estradiol and inhibin A on pituitary FSH180
10
release (19). During the final stages of follicle development, a pronounced shift toward an
increase in less acidic FSH isoforms was observed in cows with an ovulatory follicle.
The inhibins are dimers composed of a unique -subunit with either a A or B subunit,
resulting in inhibin A (-A) or inhibin B (-B) (20). Granulosa cell secretion of dimeric
inhibin A is regulated by FSH (21,22), and increases as the dominant follicle approaches185
preovulatory status (17,23). In the current study, cows with ovulatory follicles had higher
circulating inhibin A compared to cows with non-ovulatory follicles, despite having lower
circulating FSH concentrations. Thus, cows with non-ovulatory follicles have reduced inhibin A
production in addition to lower estradiol output. Inhibin A acts at the level of the pituitary to
reduce FSH release (19), and locally at the level of the ovary to stimulate thecal androgen190
production (23), but appears to inhibit granulosa cell estradiol synthesis (24). More acidic FSH
isoforms were better at stimulating inhibin- subunit gene expression than less acidic isoforms in
vitro (25). Our in vivo observations provide little support for this effect, as the more acidic
isoforms were more abundant in the non-ovulatory cows, yet they had lower circulating inhibin
A concentrations.195
It is widely held that an increase in LH pulse frequency during the preovulatory period
stimulates greater follicular androgen synthesis, which in turn serves as a substrate for aromatase
to synthesize estradiol (26,27). Administration of frequent exogenous LH pulses proved to be an
important stimulus for ovulation in some early postpartum anestrous cows, but failed to increase
circulating estradiol—and hence failed to induce ovulation—in approximately half of the cows200
(8). Thus, in addition to critical LH pulses, the signal that specifically increases granulosa cell
aromatase activity may also have been lacking in anovulatory cows. It has previously been
demonstrated that a shift in the FSH isoform distribution occurs prior to ovulation in human
beings (13,28) and cattle (10). Though less acidic isoforms have a short half-life in circulation
(12), they have potent biological activities at the level of the ovary (11,29), and display a greater205
capacity to induce aromatase expression than the more acidic isoforms (25). In the current study,
we observed an increase in less acidic FSH isoforms during the final stages of follicle
11
development in cows with an ovulatory follicle, associated with significantly greater circulating
inhibin A and estradiol concentrations. Increased output of inhibin by the selected dominant
follicle may upregulate LH-induced androgen secretion that is required to sustain a high level of210
estradiol secretion from the preovulatory follicle (30).
Each pulse of hypothalamic GnRH stimulates pituitary release of a pulse of both LH and
FSH, but additional non-GnRH associated pulses of FSH also exist (31,32). As it is difficult to
identify FSH pulses in the peripheral circulation, it is thought that the FSH released during
episodic FSH pulses is comprised of the faster clearing isoforms (32). Administration of215
frequent exogenous pulses of GnRH results in increased pituitary (33) and circulating (13)
concentrations of less acidic isoforms. Moreover, high circulating estradiol concentrations result
in increased pituitary synthesis of less acidic isoforms via reduced expression and activity of
enzymes involved in posttranslational processing of FSH (34). Thus, increased hypothalamic
GnRH pulse frequency stimulates pituitary release of LH and less acidic FSH isoforms,220
increasing follicular estradiol synthesis, which in turn has feedback effects on the pituitary to
sustain the synthesis and release of less acidic isoforms. The complexity of this system is
increased by the enhanced negative feedback effects of estradiol on hypothalamic GnRH release
during negative energy balance (35,36). The positive and negative feedback effects of estradiol
are mediated by specific regions of the hypothalamus (37), and estrogen receptor225
immunoreactivity in these specific regions is sensitive to nutritional status (38).
We propose that a sensor of energy balance plays a vital role in determining estrogen
receptor expression in particular hypothalamic nuclei. During negative energy balance, the
sensitivity of hypothalamic estradiol negative feedback centers is enhanced, and GnRH
pulsatility is reduced. Consequently, pituitary release of LH and the less acidic FSH isoforms is230
also reduced, resulting in diminished follicular estradiol synthesis. However, because of the
heightened sensitivity to the negative feedback effects of estradiol, the estradiol produced
maintains low frequency hypothalamic GnRH pulse release, ultimately resulting in follicular
atresia. The situation is reversed for animals in less negative energy balance, with estradiol
12
negative feedback centers being less sensitive to estradiol, allowing frequent GnRH pulses to235
stimulate release of LH and less acidic FSH isoforms, and thus generating an estrogen-active
follicle. As the sensitivity of the negative feedback effects of estradiol are reduced, frequent
release of hypothalamic GnRH pulses is maintained. Together with the effects of estradiol to
increase pituitary synthesis of less acidic isoforms, frequent stimulation of the ovary with LH
and less acidic FSH isoforms is continued, resulting in a robust preovulatory rise in estradiol,240
ultimately leading to ovulation following the LH surge. LH pulse frequency was not measured
in this study, but it is presumed that LH pulses were more frequent in cows with ovulatory
follicles. Though all the cows reported in this study were in NEB during the postpartum period,
the calculated EB status, DMI, and hormone and metabolite profiles were indicative of better
energetic status in cows with an ovulatory follicle (Table 1). These variables are reported in245
greater detail and discussed in a separate publication (15). The importance of circulating IGF-I
during bovine follicular development is established (39).
In conclusion, this study illustrated that cows with ovulatory follicles had less negative
energy balance and greater dry matter intake throughout the transition period, and this was
associated with an improved metabolic hormone profile. Information regarding energetic status250
is conveyed to hypothalamic nuclei responsible for gonadotropin release. It is likely that the
combination of frequent LH pulses and accompanying pituitary release of less acidic FSH
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FIGURE LEGENDS
Figure 1. Circulating plasma concentrations of estradiol, inhibin A, and FSH during the final
stages of follicular development in cows with ovulatory (Ov) and non-ovulatory (Non-Ov)
follicles during the first postpartum follicle wave (n=9/group). Upper panel: a pre-ovulatory rise
in circulating estradiol commenced in ovulatory cows 4 days prior to maximum follicle diameter,
and plasma concentrations were first significantly higher on day -3. Peak concentrations were
observed on the day prior to maximum follicle diameter. Cows with non-ovulatory follicles had
low and stable circulating estradiol concentrations throughout the final stages of follicle
development. A significant effect of follicle type was observed (P<0.001; pooled SEM = 0.22
pg/ml). * denotes that the follicle types differ at the indicated time point (P<0.001). Middle
panel: Circulating concentrations of inhibin-A were higher in cows with an ovulatory follicle
(follicle type, P<0.001; pooled SEM = 15.7 pg/ml). Differences first became significant on day -
3 and inhibin A concentrations started to return to basal concentrations on day 0. * denotes that
the follicle types differ at the indicated time point (P<0.05). Lower panel: Circulating
concentrations of FSH were lower in cows with an ovulatory follicle (follicle type, P<0.01;
pooled SEM = 0.04 ng/ml). Cows with ovulatory follicles exhibited pre-ovulatory (day -1 vs.
day -2; P<0.01) and peri-ovulatory (day 1 vs. day 0; P=0.08) increases in circulating FSH.
Figure 2. Follicle growth pattern in cows with ovulatory (Ov) and non-ovulatory (Non-Ov) first
postpartum follicle waves. Follicle diameter was measured by transrectal ultrasound 3 days per
week, and the diameter between measurements was calculated by linear interpolation. Follicle
diameter was larger in ovulatory cows (follicle type, P = 0.051; pooled SEM = 0.9 mm).
Statistical analysis was conducted from day -6 to day 0; days 1 to 6 are included for illustrative
purposes only.
Figure 3. Distribution of FSH isoforms in plasma collected from 3 representative cows with
ovulatory follicles during the preovulatory peak in circulating estradiol. FSH was isolated from
plasma using a specific affinity column and isoelectric focusing was carried out using liquid
phase electrophoresis. All fractions were assayed for FSH by RIA and fraction number is shown
on the horizontal axis. The total amount of FSH recovered in fractions within the pH gradient 3
to 8 for all cows with ovulatory follicles was 1.23 ± 0.16 ng (mean ± SEM). The FSH profile is
indicated by the open circles (○), and the pH gradient is illustrated by the solid line.
Figure 4. Distribution of FSH isoforms in plasma collected from 3 representative cows with
non-ovulatory follicles during the period of maximum follicle diameter. FSH was isolated from
plasma using a specific affinity column and isoelectric focusing was carried out using liquid
phase electrophoresis. All fractions were assayed for FSH by RIA and fraction number is shown
on the horizontal axis. The total amount of FSH recovered in fractions within the pH gradient 3
to 8 for all cows with non-ovulatory follicles was 1.15 ± 0.04 ng (mean ± SEM).The FSH profile
is indicated by the open circles (○), and the pH gradient is illustrated by the solid line.
Table 1. Pre- and postpartum means for EB, DMI, energy corrected milk (ECM) and hormone and metabolite concentrations in dairy
cows (n = 9/group) with non-ovulatory (Non-Ov) and ovulatory (Ov) dominant follicles.
1 Daily prepartum EB and DMI measurements commenced on day -21 and continued until day -1. Daily postpartum EB, DMI, and ECM measurements
commenced on day 0 and continued until day 30.
2 Insulin and glucose were measured on prepartum days -3, -6 and -9, and then every other day until day 24 postpartum.
3 NEFA was measured on prepartum days -3, -6 and -9, daily from parturition until day 3 postpartum, and every third day thereafter until day 24.
4 IGF-I was measured on day -7 prepartum, the day of parturition, and days 5, 15 and 25 postpartum.
Prepartum Postpartum
Non-Ov Ov SEM P-value Non-Ov Ov SEM P-value
EB (Mcal/day)1 9.0 13.6 0.66 <0.001 -11.4 -6.9 0.90 <0.001
DMI (kg/day)1 12.9 15.6 0.46 <0.001 18.9 20.9 0.55 0.018
ECM (kg/day)1 50.4 48.1 1.5 0.3
Insulin (ng/ml)2 0.64 1.10 0.12 0.014 0.31 0.45 0.02 <0.001
Glucose (mg/dl)2 64.9 65.1 1.1 0.9 52.7 56.9 1.6 0.080
NEFA (mmol/l)3 255 112 48 0.050 494 319 34 <0.001
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